I nterleukin 4 has been widely described as the signature cytokine of the Th2 immune response in which it plays multiple roles during adaptive immune responses. As such, IL-4 is essential for in vitro Th2 induction (1), B cell class switching to IgE production (2) , and cellular migration into peripheral tissues (2, 3) . IL-4 is also considered important in the secondary response, as symptoms in patients with allergic disorders are believed, at least in part, to be due to the chronicity of IL-4-producing effector cells. However, identification of the major IL-4 source is still a matter of uncertainty.
IL-4 is produced not only by differentiated Th2 CD4 + T cells, but also by basophils (4), mast cells (5), eosinophils (6) , and NKT cells (7, 8) . Basophils, the least common of the blood leukocytes, are increasingly being recognized as an important component of the Th2 immune response, as they are recruited to sites of inflammation during type 2 responses (9), where they are believed to influence immune responses by releasing immune mediators, such as histamine and leukotriene, as well as rapidly producing the cytokines IL-4, IL-13, and thymic stromal lymphopoeitic protein (TSLP) (9) (10) (11) (12) . IL-4-producing basophils have been identified as a key feature of parasitic infections in both mice (4, 13) and humans (14, 15) and have been implicated as a significant effector cell subset in allergic inflammation (16, 17) . Moreover, basophils have been demonstrated to produce early IL-4 during a memory T-dependent response using goat anti-mouse IgD Ab (18) . Mechanistically, a key role for basophil-derived IL-4 and IL-6 was recently identified in Denzel et al. (19) , whereby basophil depletion profoundly impaired B cell proliferation and Ig production, highlighting the role that basophils play in humoral memory responses. Further basophils have been suggested to play a key role in T cell activation as APC to CD4 + cells following papain-induced activation (12, 20) and Trichuris muris infection (21) . More recently, the ability of basophils to both cross present Ag and activate CD8 + cells has been demonstrated (22) . The nematode Nippostrongylus brasiliensis induces a robust Th2 immune response in mice, characterized by the production of high levels of IgE, IL-4, and IL-13 as well as an influx of eosinophils and basophils into mucosal tissues (23) . N. brasiliensis is a skin-penetrating blood-borne parasite that migrates through the lungs to the gut, before being expelled at approximately day 9 postinfection, in the process eliciting immune reactions at these sites. Upon reinfection with N. brasiliensis, a protective memory response is elicited, characterized by an earlier enhanced Th2 immune response, which disrupts migration and prevents worm establishment in the host (24, 25) .
We have previously shown that basophils accumulate in tissues postinfection with N. brasiliensis and are a major source of IL-4 (4) . In this study, we used the G4 transgenic reporter system in which an enhanced GFP construct was inserted into the first exon of the IL-4 gene, allowing identification of cellular production of IL-4 (26) . Basophils detected in the G4 model system displayed low side scatter, were GFP + , FcεR1 + , CD49b bright , ckit neg , and Gr1 neg , and were furthermore identified as basophils by electron microscopy. Significant levels of these GFP + basophils were found systemically in various peripheral tissues. Induction of basophilia was found to be STAT6 and IL-4 independent, T cell dependent, and appeared to be partially dependent on IL-3 (27) . In this study, we sought to examine whether IL-4-producing basophils were also a feature of the memory Th2 response induced following secondary infection with N. brasiliensis. Using G4 mice in which expression of GFP faithfully reports production of IL-4, we were able to directly identify GFP/IL-4-producing cells ex vivo without the need for restimulation. As Gessner et al. (28) had previously determined that both activated CD4 + Th2 cells and basophils produce similar quantities of IL-4, this allowed for a direct assessment of IL-4 production by CD4 + T cells and basophils in both primary and secondary N. brasiliensis responses. We determined that both GFP + basophils and GFP + CD4 + T cells were induced more rapidly following secondary N. brasiliensis infection with a greater number of IL-4-producing CD4 + T cells detected in the lung following reinfection. However, an enhanced GFP + basophil response was not elicited throughout the course of secondary infection. Thus, our results demonstrate that GFP + basophils constitute the major cellular source of IL-4 during the primary response, whereas GFP + CD4 + T cells were the major source of IL-4 during the secondary infection. In addition, migration of IL-4-producing basophils is a prominent feature of the primary, but not the secondary, Th2 immune response, whereas CD4 + T cell-derived IL-4 is a dominant feature of the secondary immune response in the lung.
Materials and Methods

Mice
Heterozygous GFP/IL-4 knockin (G4) (26) and STAT6 2/2 (31) mice were provided by Dr. William Paul at the Laboratory of Immunology (National Institute of Allergy and Infectious Diseases, National Institutes of Health). The G4/IL-4 mice were bred, and homozygous G4/G4 progeny were selected from the F1 generation at 6 wk of age via PCR detection of the enhanced GFP transgene. G4/G4 mice were crossed to the STAT6 2/2 mice to obtain STAT6 2/2 G4/G4 mice. Mice were bred and maintained by the Malaghan Institute of Medical Research animal facility in Wellington, New Zealand. All animal procedures were approved by the Victoria University of Wellington Animal Ethics committee. Six-to 12-wk-old mice were used for all experiments and within experiments were matched for age and sex.
Model systems
For N. brasiliensis infection, mice were inoculated with 600 third stage infectious larvae (L3) of N. brasiliensis by s.c. injection in the nape to generate a primary immune response. To induce a secondary response, mice infected 30 d previously as above were inoculated s.c. with an additional 600 L3. Where indicated, mice were depleted of basophils following i.v. injection of 150 mg anti-FcεRI (MAR-1) 48 h prior to infection with N. brasiliensis. N. brasiliensis excretory secretory product (NES) was prepared as previously described (30); 2 mg L3 NES was administered via i.p. injection in adsorbed aluminum hydroxide (Alum) at days 0 and 14 followed by intranasal (i.n.) challenge at day 21 with either 100 mg NES in PBS or PBS alone. OVA 2 mg was adsorbed in Alum and administered i.p. at days 0 and 14 followed by i.n. challenge at day 21 with either 100 mg OVA in PBS or PBS alone. Additionally, 4 mg keyhole limpet hemocyanin (KLH) was adsorbed in Alum and administered i.p. at day 0 followed by i.n. challenge at day 7 with either 100 mg KLH in PBS or PBS alone. A total of 1 hemagglutinating unit influenza in PBS or PBS alone was administered via i.n. transfer.
Isolation and preparation of cells
Mice were tail bled and RBC lysed with ammonium chloride treatment before counting to determine the total number of lymphocytes per milliliter of blood. Perfused lung was minced and incubated for 1 h in culture media (IMDM; Life Technologies) supplemented with 5% FCS (Life Technologies), 2 mM GlutaMAX (Life Technologies), 1% penicillin-streptomycin (Life Technologies), and 5 3 10 5 M 2-ME (Life Technologies) containing 2.4 mg/ml collagenase type I (Invitrogen) and 0.1% DNase I (Roche). A single-cell suspension was layered over a 30/70% Percoll (Amersham Biosciences) gradient and centrifuged at 2000 rpm for 20 min at room temperature. Cells at the interface were recovered and washed before counting. Livers were perfused and mechanically disrupted to single-cell suspensions, followed by resuspension in 30% Percoll and centrifugation at 2000 rpm for 10 min at room temperature. RBC were subsequently lysed, and the resulting mononuclear cells were counted. Single-cell suspension of the mesenteric lymph nodes (Ms Ln) and mediastinal lymph nodes (Md Ln) were obtained and analyzed by flow cytometry.
Flow cytometry
Processed cells were stained for cell-surface markers to identify different cell types and their GFP expression. PE-labeled anti-FcεR1a (MAR-1) Ab was purchased from eBioscience. Anti-CD4-APC, CD45-APC, and PanNK-PE (DX5) Abs were purchased from BD Pharmingen (San Diego, CA). Data were acquired using either an FACSort or FACSCalibur (BD Biosciences) and analyzed with a FlowJo software (Tree Star).
IL-4 quantitation
BALB/c animals were infected with 600 L3 N. brasiliensis s.c. At day 9 postinfection, lungs were perfused, and lung tissue was dissociated through cell strainers. Single-cell suspensions were stimulated with either Dynabeads Mouse T-Activator CD3/CD28 (Invitrogen; 1:1 ratio) plus 30 U/ml IL-2 or 10 mg/ml anti-mouse IgE (6HD5) plus IL-3 (1.2 ng/ml 363 IL-3) for 6 h. Cells were plated at 2 3 10 6 cells in 200 ml with the addition of 20 mg/ml anti-mouse CD124 (IL-4Ra; BD Pharmingen) for IL-4 ELISA analysis and 1 3 10 5 in 150 ml for the IL-4 ELISPOT. IL-4 ELISPOT was performed according to the manufacturer's instructions (Mabtech MacLeod, Victoria, Australia), and ELISA determined supernatant IL-4. Briefly, plates were coated overnight at 4˚C with 100 ml anti-mouse IL-4 Ab (11B11; 2 mg/ml) and then blocked with 200 ml 10% FBS (FBS diluted in sterile PBS) before adding serial dilutions of supernatant samples (100 ml/well). Samples were incubated for 2 h, and biotinylated anti-mouse IL-4 Ab was added (BVD6-24G2; BD Pharmingen, 2 mg/ml, 100 ml/well). After 2 h of incubation, streptavidin-HRP (1:1000 dilution; GE Healthcare, Buckinghamshire, U.K.) was added. Prior to the initiation of each step, plates were washed with 0.05% Tween-20 in PBS. Finally, after 1-h incubation, 100 ml substrate (TMB Substrate Reagent Set; BD OptEIA, San Diego, CA) was added. Colorimetric reaction was stopped with 1 M H 2 SO 4 and quantified by measuring OD with an ELISA plate reader at 450 nm.
Results
Basophil induction and recruitment during type 2 immune responses
Although basophilia has been widely described as a key feature of the Th2-associated airway inflammatory response, little effort has previously been made to differentiate between the role that basophils play in parasitic infections and asthma/allergy-type responses. In this study, we investigated the comparative induction and recruitment of basophils using several common models of type 2 lung inflammation (Fig. 1A) . N. brasiliensis infection was used as a classical model of helminthic response and was compared with the allergic-type responses initiated after protein/ adjuvant prime challenge with KLH or OVA in Alum. NES in Alum was included to determine whether a synergistic response between helminth-associated factors and Alum could be elicited. Additionally, animals were infected with influenza to examine whether basophil recruitment occurs under conditions of type 1 inflammation.
To analyze the role of basophils in immune responses, lung inflammatory infiltrate was analyzed at the peak of responses (Fig.  1B) , and, as expected following N. brasiliensis, KLH, OVA, and NES challenge, a significant type 2 response was induced with increased numbers of CD4 + GFP + cells and eosinophils being recruited to the lung, whereas influenza infection led to a decrease in CD4 + GFP + and eosinophil numbers, and lung basophil numbers were not substantially altered. Interestingly, although CD4 + GFP + cells and eosinophils were induced and recruited to the lung in large numbers by both allergic (protein/Alum) models and N. brasiliensis infection, significant lung basophilia was only detected following N. brasiliensis infection. N. brasiliensis infection also induced a significant basophilia in the lung, with a 15-fold increase in numbers above background (Fig. 1B) . This increase was due to both a 2.7-fold increase in total cells in the lung as well as an increase in the proportion of basophils from 0.9% of CD45 + cells in naive mice to 4.8% at the peak of infection. Following both OVA and KLH treatment, an increase in blood basophilia was observed, whereas CD4 + GFP + levels remained similar to numbers observed in control animals. However, following both NES treatment and influenza infection, a decrease in circulating CD4 + GFP + cells was observed, along with a decrease in circulating basophils following influenza treatment. During influenza infection, increased levels of circulating CD4
+ GFP 2 cells were observed (Fig. 1C) coincident with a pronounced infiltration of CD8 + CD69 + cells to the lung (data not shown). Considering the host phase of the N. brasiliensis life cycle involves migration through multiple organs and the induction of a multitissue immune response, it is reasonable we find a comparatively larger basophil response than that induced for protein/adjuvant challenge models. It is additionally interesting to note that N. brasiliensis infection led to the recruitment of similar numbers of basophils and eosinophils to the lung (∼1.2 3 10 6 cells/lung), whereas the allergic airway models resulted in significant airway eosinophilia, with only a moderate increase in basophil recruitment. Even in the case of KLH/Alum, which led to a 16-fold increase of lung eosinophils, lung basophils were not markedly increased. The comparison of a primary helminth infection with allergen challenge models is not exactly parallel because mice sensitized with KLH/Alum and OVA/Alum both had specific IgE present (31) and loaded on their basophils at the time of i.n. allergen challenge, whereas no specific IgE was present at the time of primary helminth infection. Thus, we evaluated blood basophilia during KLH/ Alum and OVA/Alum sensitization and determined that initial FIGURE 2. Timing and magnitude of basophil induction in response to a primary and secondary N. brasiliensis infection. The total numbers of non-CD4 FcεR1a + GFP + basophils were measured in the blood, lung, BAL, Md Ln, and Ms Ln of G4/G4 mice at various time points after primary (clear) and secondary (black) N. brasiliensis infections (A). B and C, Comparison of GFP + basophil numbers in uninfected animals (gray) at the peak of primary (day 9, clear) and secondary (day 6, black) responses. GFP basophil numbers shown are per milliliter of blood. Blood data are the average of nine mice from three independent experiments; lung data are from six mice from two experiments and liver, Md Ln, and Ms Ln three mice per time point from a single experiment.
priming with KLH/Alum and OVA/Alum led to an increase in the level of circulating basophils (Supplemental Fig. 1A) , whereas the CD4 + GFP + cell levels remained unchanged (Supplemental Fig.  1B) . Hence, these results indicate that helminths such as N. brasiliensis may secrete factors that specifically induce the recruitment of basophils to peripheral tissues.
Kinetics and magnitude of basophil induction in response to a primary and secondary N. brasiliensis infection As N. brasiliensis-induced basophilia was the most pronounced of the models tested, we next sought to examine whether IL-4-producing basophils were also a prominent feature of the memory Th2 response induced following secondary infection with N. brasiliensis. We have previously reported that both the enhanced basophil production and subsequent peripheral tissue accumulation following primary N. brasiliensis infection are IL-4-independent processes (32) . To compare basophil responses during primary and secondary N. brasiliensis infection, groups of IL-4-deficient G4/G4 mice were infected with 600 L3 N. brasiliensis and, where indicated, reinfected with 600 L3 N. brasiliensis 30 d after the primary infection. Blood, liver, lung, bronchoalveolar lavage (BAL), Md Ln, and Ms Ln cells ( Fig. 2A) were isolated at the indicated time points and the numbers of GFP + CD4
2 FcεRIa + basophils followed by flow cytometric analysis. Few GFP + basophils were found in the tissues of naive animals: 2.5 3 10 5 /ml blood, 9 3 10 4 /lung, and 4 3 10 4 /liver, comprising on average 3.0, 0.6, and 1% of total blood, lung, and liver cells, respectively. Following infection, basophils were found to be significantly elevated, 10-to 12-fold at the peak of the primary response (day 9), rapidly decreasing thereafter ( Fig. 2A) (4) . Following secondary N. brasiliensis infection, mice generated a basophilic response in the blood and lung, which peaked at day 6 postinfection, 3 d earlier than the peak response observed following primary infection ( Fig. 2A) . Surprisingly, the magnitude of the secondary basophil response was not found to be greater than that observed during the primary response (Fig. 2B) . Basophil numbers in the liver during both primary and the secondary infection showed identical kinetics to that observed in the lung. Additionally, basophilic infiltration into the BAL followed a similar pattern ( Fig. 2A) . It was recently reported that blood basophils are recruited into the draining lymph nodes following allergen challenge (33); the reported recruitment was transient in nature, peaked at day 3 post papain challenge, and rapidly disappeared from lymphoid sites thereafter (33) . It was also demonstrated that the recruited basophils produce IL-4 and TSLP, both of which appear to contribute to Th2 differentiation. In support of this, depletion of basophils during papain challenge abolished the development of IL-4-producing Th2 cells (33) . Thus, to determine whether basophils are also recruited into the draining lymph nodes during N. brasiliensis infection, basophils were measured in both the Md and the Ms Ln following infection. Similar to papain challenge, basophil numbers also peaked in the Md Ln at day 3 following both primary and secondary infection ( Fig. 2A ). Unlike other tissues tested, basophil recruitment to the Md Ln after secondary infection was significantly higher than observed following primary infection. Basophil recruitment in the Ms Ln peaked at day 9 post primary infection, and recruitment to the Ms Ln after secondary infection peaked at day 3 postinfection but was reduced in comparison with primary infection (Fig. 2C) . Basophil recruitment was only observed in lymph nodes draining the sites of inflammation and was not observed in nondraining inguinal lymph nodes (data not shown), suggesting that the recruitment is induced by Ag drainage and possibly by the local induction of immune responses. Taken together, these results demonstrate that basophil responses following secondary N. brasiliensis infection are induced more rapidly in comparison with primary infection. However, no significant increase in the magnitude of the basophil response during secondary infection was observed except in the draining Md Ln.
Basophils become fully activated upon migration into tissues
Basophil activation was assessed via measurement of GFP mean fluorescence intensity (MFI) in G4/G4 mice as a measure of potential for the production of IL-4 and was compared following primary infection in blood, Ms Ln, and BAL samples (Fig 3A,  Supplemental Fig. 2) . GFP intensity was not found to be significantly increased in circulating basophils following N. brasiliensis infection (Fig. 3C) . Upon migration into either the airways (BAL) or Ms Ln, basophils were found to have an increased GFP MFI (Fig. 3C) , indicating that although basophils are not tissue resident, localization to tissues leads to an increase in effector function. To determine whether the circulating basophils observed following infection comprise a recently activated immature subset that are unable to respond to activation stimuli, MAR-1 was administered via i.v. injection. As MAR-1 has previously been described as a basophil-depleting (12) agent, we assessed blood basophilia at 12 h after MAR-1 administration and determined that a significant proportion of basophils were still present in peripheral blood. However, the percentage of basophils observed had only decreased slightly from 0.9% (6 0.1) to 0.7% (6 0.2) of CD45 + cells present in peripheral blood (Fig. 3B) . Additionally the majority of basophils present (.75%) displayed an increased GFP MFI (Fig. 3D) , indicating they were able to be fully activated in response to the MAR-1-induced cross-linking of surface FcεRI and constitute a mature basophilic population. Thus, the majority of basophils that have recently emigrated from the bone marrow are sufficiently matured such that they rapidly increase production of IL-4 in response to activation stimuli, such as FcεRI cross-linking. However, during the course of a natural infection, basophils require additional activation to become fully activated, as migration into a tertiary tissue environment, such as the lung, was required to induce fully enhanced IL-4 production (Fig. 3A,  3C, Supplemental Fig. 2 ) as opposed to that observed in the blood or lymph nodes. Thus, it is possible that upon migration into the tissue environment, basophils receive a secondary signal that allows them to fully mature or that the level of parasite Ag present in the tissue is sufficiently high compared with that encountered in the blood or lymphoid compartments, such that FcERI crosslinking associated maturation occurs. Further investigations are required to assess these possible mechanisms.
The number of GFP-expressing basophils induced in response to a secondary N. brasiliensis infection is not dependent on IL- 4 
or STAT6
We have previously demonstrated that STAT6 signaling is not required for basophil accumulation or GFP (IL-4) expression during the course of primary N. brasiliensis infection (4). To examine the role of STAT6 during secondary infection, groups of N. brasiliensis-infected G4/IL-4, G4/G4, and G4/G4 STAT6 knockout (KO) mice were reinfected with N. brasiliensis 30 d postprimary infection as described above, and basophil numbers were examined at days 6 and 9 following secondary infection. As shown in Fig. 4A , the levels of basophil induction following infection in the lung were comparable among G4/IL-4, G4/G4, and G4/G4 STAT6 KO groups. Total basophil numbers found in the lung, liver, and blood were also indistinguishable among all three groups, suggesting that IL-4 and STAT6 signaling has no role in the induction of basophilia during N. brasiliensis infection (Fig.  4B) . Furthermore, basophil recruitment into the Md Ln and Ms Ln following the secondary infection with N. brasiliensis was not affected by the absence of IL-4 or STAT6 (Fig. 4C) . Indeed, when blood basophils were examined in G4/IL-4 STAT6 KO and G4/G4 STAT6 KO mice throughout the 50-d period during primary and secondary N. brasiliensis infection, neither the presence nor absence of IL-4 in the complete absence of STAT6 altered the kinetics of circulating basophils (Fig. 4D) . These results demonstrate that, as is the case with primary infection, the induction and migration of GFP-producing basophils during a secondary response to N. brasiliensis is not dependent on STAT6, further suggesting that other cytokines that use the STAT6 signaling pathway, such as IL-13, are not involved in the induction of basophilic responses.
The timing and magnitude of CD4 + T cell and eosinophil induction in response to a primary and secondary N. brasiliensis infection
CD4
+ T cells and eosinophils are also important sources of IL-4 in Th2 immune responses (13, 34, 35) . In this study, we examined the involvement of such GFP/IL-4-producing cell types in our primary and secondary N. brasiliensis models. Induction of GFPexpressing CD4 + T cells after secondary N. brasiliensis infection closely followed the faster kinetics of GFP + basophil induction, with peak GFP expression by CD4 + cells occurring at day 6 postinoculation (p.i.) in both blood and lung (Fig. 5A) . In contrast to the basophilic response in which secondary infection did not increase the magnitude of the response, ∼3-fold more GFP + CD4 + T cells were detected in the lung following secondary infection.
Others have previously observed a significant number of GFP + eosinophils in the lungs of N. brasiliensis-infected 4get mice (13, 34) . Eosinophils were defined in this study as the population of lung cells that exhibited high side scatter, low forward scatter, and lacked expression of the FcεR1 and CD4. This eosinophilic phenotype was confirmed using standard cytochemical and histological criteria following fluorescence-assisted cell sorting (data not shown). Analysis of BAL eosinophilia revealed a significant proportion of both G4/IL-4 and G4/G4 eosinophils expressed GFP, 8.6 and 7.4%, respectively (Fig. 5C ). GFP + eosinophils were induced with faster kinetics and were detected in greater numbers following secondary infection in comparison with primary infection (Fig. 5B) , comprising 1% and 0.7% of total cells at the peak of the secondary and primary response, respectively. GFP + eosinophils were not detected in the blood or lymph nodes (data not shown). Therefore, both the kinetics and magnitude of the GFP + CD4 + and GFP + eosinophil response is enhanced upon secondary infection.
The differential contribution to IL-4 production by basophils, CD4 + T cells, and eosinophils in response to primary and secondary N. brasiliensis infection
We have shown that GFP-expressing basophils, CD4 + T cells, and, to a lesser extent, eosinophils are induced in both the primary and secondary N. brasiliensis -infected lung. Previously, Gessner et al. (28) have reported that Th2 cells and basophils isolated from blood produced similar amounts of IL-4 on a per-cell basis following activation and that eosinophils produced ∼0.6-fold as much IL-4 per cell. However, as we previously observed that lungassociated basophils are more highly activated, we felt it important to directly compare the amount of IL-4 produced by basophils and Th2 cells that had been specifically recruited to the lung. Thus, at day 9 postinfection with live N. brasiliensis, whole lungs were processed to a single-cell suspension, Th2 cells were activated with T cell activator anti-mouse CD3/CD28 beads, and basophils activated with anti-mouse IgE (6HD5) for 6 h in the presence of anti-IL-4Ra to prevent protein uptake (Fig. 6A) . Specific numbers of IL-4 producers were measured by ELISPOT, and ELISA determined total IL-4, thus a direct comparison of IL-4 production per cell was able to be determined ex vivo. Our results indicated that there was no statistically significant difference in the production of IL-4 by basophils (0.13 6 0.07 U/cell) and Th2 cells (0.08 6 0.05 U/cell). To determine the relative contribution of these cell types to total IL-4 production, we compared the number of GFP-expressing basophils, CD4 + cells and eosinophils in the lung day 9 following a primary and day 6 following a secondary N. brasiliensis infection (Fig. 6B) . The majority of GFP-producing cells during the primary response were basophils (65%), with CD4 + T cells (25%) and eosinophils (10%) comprising the remainder of the GFP + population. Consistent with the notion that reinfection induces a stronger immune response, secondary infection resulted in 1.5-fold more GFP + cells in the lung than did the primary. Although the magnitude of the GFP + CD4 + T cell and GFP + eosinophil response tripled, indicating that CD4 + T cells were the main source of IL-4 during a recall response, there were in fact 0.7-fold fewer GFP + basophils induced during secondary infection, implying that although GFP + basophils are a key feature of the secondary response to N. brasiliensis, they are not subject to the enhanced response that is characteristic of memory responses associated with the adaptive immune system. Overall, this data indicates that basophils are the main source of IL-4 in the primary lung response to N. brasiliensis, whereas CD4 + T cells are the predominant IL-4-producing cells during secondary infection.
Basophils do not influence Th2 differentiation in response to N. brasiliensis infection
As previous papers (20, 21, 36) have indicated that basophils may play a significant role in the presentation of Ag to CD4 + cells and the induction of Th2 priming, we sought to ascertain whether basophils were required for Th2 induction using the dead N. brasiliensis model of infection (23) , which allowed us to study a localized response to N. brasiliensis independent of secondary features of inflammation, which may be induced by the migration of N. brasiliensis through host tissues. IL-4/G4 animals were FIGURE 5. Timing and magnitude of CD4 T cells and eosinophil induction in response to primary and secondary N. brasiliensis infection. The total number of GFP-expressing CD4 + T cells (A) and GFPexpressing eosinophils (B) was measured in the blood and lung of G4/G4 mice at various time points after primary (clear) and secondary (black) N. brasiliensis infections. C, Proportion of GFP-expressing eosinophils in BAL at the peak of primary (day 9, clear) and secondary (day 6, black) responses. Blood, lung, and BAL fluid was collected and expression of CD4 and GFP by SSC Hi and SSC Lo cells was examined. SSC Hi cells had previously been identified as .95% eosinophils following fluorescence-assisted cell sorting and identification by Difquick staining according to using standard morphological and cytochemical criteria. Data points shown indicate mean 6 SE from three individual animals from two experiments. depleted of basophils following i.v. administration of MAR-1 at day 22 (Fig. 7A) ; following this, depleted and nondepleted animals were infected intradermally with dead N. brasiliensis and the development of a localized Th2 response determined. At the peak of response (day 7 p.i.), there was no discernable difference in the total numbers of CD45 + , CD4 + , or CD4 + GFP + cells present in the draining lymph nodes of infected animals. Following the administration of MAR-1, background levels of basophils were detected in both naive and depleted animals (∼20-30 per lymph node), whereas a 50-60-fold increase in the number of basophils was detectable in PBS-treated nondepleted animals following infection (Fig. 7B) . These data suggest that the recruitment of basophils to the lymph node does not have a significant effect on the induction of Th2 differentiation. Previous studies (12, 36) using papain as an adjuvant have indicated that basophil-derived IL-4 may be important for the induction of Th2 differentiation. To determine whether IL-4 was required for Th2 differentiation in this system, we transferred either +/G4 or G4/G4 Rag-deficient CD4 + cells specific for PCC (5CC7) into either wild-type B10.A or IL-4-deficient G4/G4 hosts and primed them with papain and PCC. At day 4 p.i., there was no significant difference observed in the total number of cells or number of CD4 + cells present in draining lymph nodes (Supplemental Fig. 3 ). In the absence of IL-4, Th2 differentiation was not found to be impaired as measured by the induction of GFP expression by CD4 + cells present (Supplemental Fig. 3 ).
We additionally examined the effect of basophil depletion on cellular infiltrate to the inflamed dermis and determined that treatment with MAR-1 actually increased the total number of CD45 + , CD4 + , CD4
+ GFP + cells (Fig. 7C) , and eosinophils (Fig.  7D) present. Following MAR-1 treatment, background levels of basophils were present at levels comparable to naive controls (Fig.  7C) , whereas significant numbers of basophils were recruited to the dermis following treatment with PBS, thus indicating that basophils may actually be playing a role in regulating the recruitment of effector cells to the dermis during type 2 inflammation.
Discussion
The role of basophil-derived IL-4 has so far remained elusive, in part due to difficulties in basophil identification and the lack of appropriate KO animal models. The use of G4 mice has enabled us to directly investigate the involvement of IL-4-expressing basophils in response to infection with N. brasiliensis, without the need for ex vivo restimulation. Following both primary and secondary N. brasiliensis infection, IL-4-expressing basophils were found systemically at various tissue sites including the lung, liver, lymph nodes, and blood. Basophils were also present in mice lacking IL-4 and STAT6, indicating their induction and migration to these sites does not require IL-4 or STAT6 signaling. Alternatively, as basophils have been observed to enhance humoral immunity through the production IL-6 (19), it is possible that basophils recruited to the lymph node are required for enhanced levels of IgG2a, IgG2b, and IgG3 observed in response to N. brasiliensis in the absence of IL-4 and may form an alternate positive-feedback loop to increase basophil production in the absence of specific IgE or IgG1.
As is characteristic of a memory response, IL-4-expressing basophils were induced more rapidly upon secondary infection, peaking at day 6 following infection, 3 d prior to the primary peak at day 9. Surprisingly, the magnitude of the secondary GFP + basophil response was not enhanced and was even reduced in some tissues. Other IL-4-producing subsets were also examined, and both GFP + CD4 + T cells and GFP + eosinophils exhibited faster secondary kinetics, peaking on day 6 postinfection. In contrast, the numbers of basophils found in the lung were increased 3-fold at the peak of the primary response. Interestingly, when the various contributors to overall IL-4 production are compared, it is evident that basophils are the main cellular source of IL-4 during the primary response, whereas CD4 + T cells are the major source of IL-4 during memory responses. Additionally, we extend the findings of Sokol et al. (33) concerning the recruitment of basophils to lymph nodes in an allergen-based Th2 model by demonstrating that the kinetics of basophilic accumulation following parasitic infection in primary and secondary infection generally precedes total lymphoid expansion and Th2 induction via a transient recruitment to draining lymphoid organs. Basophildependent Ag presentation and production of both IL-4 and TSLP have been identified as potential enhancers of Th2 differentiation (20, 21, 36) . However, we have previously observed that in vivo Th2 differentiation occurs independently of IL-4/STAT6 (23), and we have additionally noted in this paper that maximal basophil IL-4 production as measured by GFP does not occur in the lymphoid compartment, but was only observed upon recruitment of basophils to tissue sites such as the liver, lung, and BAL. This would indicate that basophils most likely exert the majority of their IL-4-dependent effects in peripheral tissues. Our finding that basophil depletion did not alter Th2 differentiation in the lymphoid compartment, but instead led to an increase in the recruitment of type 2 effector cells to peripheral tissues, further supports this view (Fig. 7D ). As our data indicate that basophils are activated in response to MAR-1 injection (Fig. 3B ) prior to their depletion (Fig. 7A) , it is possible that administration of MAR-1 may be responsible for the increase in skin inflammation observed. However, we noted that basophil depletion was almost complete at day 21 prior to N. brasiliensis infection, with the percentage of blood basophils decreasing from 1.9% in naive animals to 0.1% with a further reduction in blood basophilia to 0.05% by the time of infection, thus indicating the virtual absence of basophils, activated or not, at the time of infection (Fig. 7A) . In addition, it has previously been noted that the in vivo t 1/2 of cytokines is very short (37) (38) (39) , with IL-4 having a reported t 1/2 of 5-30 min (40) . Thus, any cytokines released through the activation of basophils via MAR-1 would likely be cleared prior to infection with N. brasiliensis and the initiation of the Th2 response.
Previous studies (12, 21, 36) noting that basophils may play a role in Th2 development have relied on in vitro models of Th2 differentiation in which the requirement for IL-4 is well described (1, 31, 32) . Further, a recent study by Massacand et al. (41) has indicated that the absence of TSLP signaling had no impact on Th2 memory responses or the development of a protective immune response to N. brasiliensis, thus calling into question the previously perceived role for basophil-produced TSLP in Th2 differentiation.
Overall, these data indicate that basophils represent a significant source of IL-4 in both primary and secondary responses to parasites and allergens, whereas the production of CD4 + T cellderived IL-4 is greatly increased in the secondary response as compared with basophilic IL-4. Basophil-derived IL-4, though not required for Th2 differentiation, is highly influential in amplifying both peripheral and humoral aspects of the broader type 2 responses. 
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